Sols for Pb(Zr 0.53 Ti 0.47 )O 3 (PZT) thin films were prepared by 2-methoxyethanol route from lead acetate, titanium n-propoxide and zirconium n-propoxide, the latter either unmodified or modified with acetylacetone or acetic acid in a 2/1 molar ratio, and deposited on sapphire (0001). By Zr K-edge Extended X-ray Absorption Fine Structure (EXAFS) spectroscopy , the structural changes in the Zr local environment, induced by the addition of the two modifiers, were followed from the synthesis of the PZT sol and to the transition to the amorphous film.
Introduction
The research on chemical solution deposition (CSD) methods for Pb(Zr,Ti)O 3 (PZT) ferroelectric thin films is oriented towards higher reliability and lower processing temperatures 1-5 . The 2-methoxyethanol based route 6 is probably the most widely spread of CSD. It is based on reactions of transition metal alkoxides TM(OR) 4 (TM = Zr, Ti) with soluble lead compounds, such as acetate, in 2-methoxyethanol resulting in stable polymeric sols. From the early days of CSD the problems of local heterogeneities in the films, in the form, for example, of the non-ferroelectric surface pyrochlore phase [7] [8] [9] or zirconium-rich regions 10 have been recognized. Heterogeneity on the atomic level has been demonstrated in amorphous alkoxide precursors of PZT by Extended X-ray Absorption Fine Structure spectroscopy (EXAFS) [11] [12] [13] .
The TM alkoxides have been modified by substitution or addition of ligands less reactive towards hydrolysis such as acetylacetone (CH 3 COCH 2 COCH 3 ), or acetic acid (CH 3 COOH) 14 .
Examples include the use of acetylacetone to stabilize Ti alkoxide in the synthesis of PbTiO 3 thin films 15 , or both Zr and Ti alkoxides in the synthesis of PZT thin films [16] [17] [18] . This modifier has been also used to increase the pyrolysis temperature of the PZT precursor solution and consequentially influence the crystallization of the respective thin film; however it has been added to the already synthesized PZT solution prior to the film deposition 19, 20 . Acetic acid has also been used in PZT thin film processing in the role of a solvent and modifier 9, 21 .
We have used a selective modification of zirconium alkoxide by acetic acid and by acetylacetone to decrease its reactivity prior to the PZT sol synthesis. We have shown by EXAFS spectroscopy that a selective modification of the Zr alkoxide by acetic acid results in a more homogeneous distribution of constituent metal atoms in the PZT sol as compared to the sols prepared from either as-received or acetylacetone-modified Zr propoxide 22 .
Structural changes induced by the Zr modifiers are also reflected in the local neighborhood of the Pb-atoms 23 . The differences between the three sols in terms of functional group contents could additionally be deduced from the differences in their thermal decomposition pathways.
The improved homogeneity of acetic-acid modified PZT films is reflected in its functional response: optimum values of remanent polarization, coercive field and dielectric permittivity are obtained after annealing at 500 o C while the unmodified and acetylacetone-modified PZT films need to be annealed at 600 o C 24 .
In this work we exploit Zr K-edge EXAFS analysis to follow structural changes in the Zr local environment induced by the addition of the two modifiers, from the Zr precursor, through the synthesis of the PZT sol to the transition from the sol to the amorphous film.
Experimental
PZT sols corresponding to the target composition of PbZr 0.53 Ti 0.47 O 3 with 10 mole % PbO excess were prepared by diluting zirconium n-propoxide (Alfa, 72.49 % in n-PrOH) and titanium n-propoxide (Alfa, 99.84 %) in 2-methoxyethanol (Aldrich, 99.3 %) and by adding lead acetate in the required quantity. Water-free lead acetate was obtained from lead acetate trihydrate (Alfa, ACS) by drying in vacuum at 70 o C for 16 h and in air at 140 o C to constant mass. The metal contents of the starting compounds were determined gravimetrically.
Zirconium n-propoxide was either used as received or modified prior synthesis. As modifiers, acetic acid (CH 3 COOH, Aldrich, 100%) or acetylacetone (CH 3 COCH 2 COCH 3 , Alfa, 99%) were used. Acetic acid was admixed to Zr propoxide in the molar ratio of 2 / 1 and diluted to 1 M by 2-methoxyethanol. Acetylacetone diluted by 2-methoxyethanol was added to Zr propoxide solution in 2-methoxyethanol in 2 / 1 molar ratio, the concentration was adjusted to 1 M with respect to Zr. The as-prepared 1M solutions were also used for EXAFS measurements.
The reaction mixtures were heated to approximately 60°C to dissolve lead acetate. After 2 hours of refluxing, distillation of the by-products and after cooling to room temperature addition of formamide (4vol. %, Alfa) stable sols (0.5 M, 100 ml batches) were obtained. All manipulations were performed in dry nitrogen atmosphere. For EXAFS measurements the PZT sols were further concentrated to 1 M solutions in order to increase signal-to-noise ratio.
PZT thin films were prepared from the 0.5 M PZT sols on sapphire (0001) by spin-coating and pyrolyzed at 350°C for 1 minute. The thickness of the films was approximately 200 nm as determined on a Rank Taylor Hobson profilometer.
The unmodified as well as the acetic-acid and acetylacetone modified Zr propoxide sols are denoted as Zr/0, Zr/OAc and Zr/Acac, respectively. For the PZT sols and films analogous notation is used.
Zr K-edge EXAFS spectra of the Zr and PZT sols were measured at the X1 experimental station in HASYLAB at DESY (Hamburg, Germany). A Si(311) double-crystal monochromator was used with 3 eV resolution at 18 keV. Harmonics were effectively eliminated by detuning the monochromator crystal using a stabilization feedback control. The sols were contained in liquid absorption cell with 0.5 mm lucite windows. Sample thickness of about 2 mm provided total absorption thickness of about 2 above Zr K-edge. The empty absorption cell served for reference spectrum measured in identical conditions. Zr EXAFS spectra of the PZT films were measured in fluorescence detection technique using a 4-channel Ge fluorescence detector. The absorption spectra were obtained as the ratio of the fluorescence detector signal and the signal of the incident photon beam from the ionization cell filled with argon at ambient pressure. The same stepping progression was adopted as in 6 the case of the sol with an integration time of 4s/step. To improve signal to noise ratio, four consecutive runs were superimposed. The modification of Zr alkoxide with acetylacetone (Zr/Acac) results in a significant change of coordination namely from ∼ 6 to ∼ 8 O atoms distributed nonuniformly at three distances: one at 2.01 Å, three at 2.14 Å and four at 2.23 Å. The second shell of neighbors consists only of six C atoms at two distances. Models including Zr atoms in the second coordination sphere were also tested, but no Zr-Zr correlations were found. A presence of a smaller amount of Zr neighbors (average coordination numbers below detection limit of 0.3) cannot be excluded.
Results

Zr-sols
By modification of Zr alkoxide with acetic acid (Zr/OAc) the immediate neighborhood of Zr atoms is populated by six to seven O atoms: one at 1.96 Å and the rest at 2.16 Å. The wide second shell of neighbors consists of one Zr atom at 3.54 Å and a large number (∼ 12) of C atoms between 2.97 and 3.69 Å.
Amorphous PZT films on sapphire
The PZT films pyrolysed at 350 o C, are amorphous as determined by XRD 22 . The comparison of the Zr EXAFS spectra of the PZT sols, recorded in transmission mode, and respective thin films is shown in Figure 2 . In spite of the much longer detection time the signal-to-noise ratio of the spectra measured on the films is about one order of magnitude lower. Nevertheless, the local environment of Zr atoms in the PZT films can be reliably deduced in the quantitative EXAFS analysis in the k interval from 4 Å -1 to 11 Å -1 . In the PZT/OAc film the local zirconium environment is again different ( Figure 5 ). The first shell of neighbors is comprised of about six O atoms: four at 2.14 Å and two at 2.32 Å. The second shell of neighbors consists of one Zr atom at 3.44 Å and about ten C atoms at three distances between 2.83 and 3.68 Å.
Discussion
Zr-sols
Zr n-propoxide reacts with the solvent 2-methoxyethanol by the transalcoholysis reaction, i.e. by exchange of alkoxide groups 14, resulting in a less reactive mixed alkoxide (Eq. 1).The extent of the exchange has not been determined within this study; we nevertheless expect that x in Eq. (1) is close to 4 in agreement with 27 . In addition, the solvent may coordinatively bond to the alkoxide molecules via the hydroxy and the ether groups 28 .
EXAFS analysis of Zr/0 sol reveals a six-fold coordination of O atoms forming a distorted octahedron and one Zr atom at 3.53 Å. A large number of carbon atoms in the second shell of neighbors stems from different organic groups in the solution (Table I) .
Our results indicate oligomeric Zr units, most probably dimeric, in agreement with the model of Peter et al. 29 who examined the structure of Zr n-propoxide in a n-propanol solution, and found six O atoms evenly distributed at three distances, one Zr atom at 3.52 Å and proposed dimeric units with two terminal, two bridging and two ROH-coordinated Zr-O bonds. We 9 found a simpler distribution of bond distances in our case: two shorter and four longer Zr-O bonds. Such distribution of Zr-O bond distances has been observed also in a mixed Zr-Ti npropoxide in n-propanol 30 .
The reaction of Zr alkoxide with acetylacetone in a 1 / 2 molar ratio in should result in the exchange of the functional groups 14 (Eq. 2) with an increase of coordination number of zirconium as a consequence of chelate-bonding of the acetylacetonate groups. Note that the equation does not include any coordinative bonding of the solvent.
The absence of Zr-Zr correlations in the Zr/Acac sol, established by EXAFS (Table I) indicates monomers. The eightfold coordination of O atoms is strongly asymmetric which confirms that different groups -chelating acetylacetonate, 2-methoxyethoxide and/or propoxide -are bonded to Zr atoms, in agreement with stoichiometric considerations. We cannot exclude coordinative bonding of the solvent molecules. This leads to the conclusion that the original Zr dimers disintegrate into monomers upon reaction of acetylacetone with Zr alkoxide.
In contrast, Peter et al. 31 observed that upon addition of acetylacetone to Zr butoxide in a strongly diluted (0.03 molal) n-butanol solution, dimers were obtained with two moles and monomers with four moles of acetylectone. The difference could arise from the dilution, and the choice of the solvent, 2-methoxyethanol in our case, and consequently, its exchange reaction with the original Zr propoxide.
Zr alkoxide reacts with acetic acid in a 1 / 2 molar ratio to yield a mixed Zr alkoxide acetate (Eq. 3).
In Zr/OAc sol the local neighborhood of Zr atoms is populated with six to seven O atoms, and about one Zr atom at 3.53 Å ( Table I) ≡TM-OR + OR-TM≡ ⇒ ≡TM-O-TM≡ + ROR
The summary reaction between Pb-acetate and TM-alkoxides in 2-methoxyethanol proceeds to some extent as confirmed by the formation of esters -these are by-products of the esterelimination reaction (Eq. 4) -and also by Pb-EXAFS that showed the existence of a Pb-Ti correlation 23 . We also cannot exclude the possibility of heterometallic bonding below the sensitivity of the EXAFS method.
In the PZT/Acac sol the local environment of Zr atoms is composed of about eight O atoms in the first shell distributed at 2.13 and 2.25 Å in a 2 to 1 ratio and of two to three Zr atoms in 13 the second shell 22 (Figure 6b ). Similarly as in the unmodified PZT sol the EXAFS results point to the segregation of Zr species.
Note however that the distribution of O neighbors in PZT/Acac sol is different from the one in PZT/0 sol, indicating that the chemical compositions -the type and amount of functional groups bonded to metal atoms in the two PZT sols -are different as confirmed by thermal analysis of the respective as-dried sols 24 . Further, clustering of Zr species, possibly via the formation of oxo-alkoxides 28 , is not hindered by the presence of acetylacetonate groups.
In (Table II) 38 . The arrangement of O atoms around Zr atoms in the film is significantly altered from that in the PZT/0 sol: the distribution of O atoms in the first shell of neighbors is changed, the three O atoms in the film are located at a much larger distance than in the sol, 2.67 Å as compared to 2.20 Å. The second shell consists of Zr and O atoms only, no C atoms could be determined as in the sol (Figure 7a ). We attribute this difference to the decomposition of the organic groups, which occurs, according to thermal analysis of the respective sol 24 , between 250 and 350 o C.
The local structure around Zr atoms is similar to Zr neighborhood in tetragonal zirconia particles 39 .
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